We propose a theoretical approach aimed at accurately describing the electromagnetic (EM) response of a microstrip Y-junction circulator. This analysis is predictive since it relies on the insertion of both the nonuniformity of the static field of polarization and the ferrite material magnetization state. We fabricated proof-of-concepts to compare the responses issued from two available EM analyses, namely our approach and the HFSS software one. The key-role of a rigorous modeling of the microstrip Y-junction circulator is highlighted through a comparison of simulation data and experimental results.
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I. INTRODUCTION
T HE RAPID growth of needs in communication systems for civil or military applications requires a strong optimization of the microwave devices. In this context, small size circuits with high operating frequencies and produced at low cost become a must. A key component integrated in transmit/receive modules is the circulator.
In X-band, the device the most commonly used in the microwave systems is the Y-junction circulator. It can be found as a 6.25 mm 6.25 mm 6-mm-sized device with a 5.6%-bandwidth centered at 9 GHz and insertion losses lower than 0.5 dB. However, until now it has not fully met the criteria required by the new applications in the telecommunication market, i.e., miniaturization, low production cost and operating frequencies in the millimeter wave range. To fulfill the previous schedule of conditions while displaying good electromagnetic performances, the design and realization of circulators have to be based on new materials (hexaferrites, magnetoelectric composites), new technological processes (LTCC, spin coating, skillscreen printing technique) and on the use of predictive theoretical tools. Our aim is to propose an accurate electromagnetic analysis (EMA) of Y-junction circulators enabling a better understanding of the physical phenomena appearing in various configurations (conventional saturated YIG-based circulators [1] , self-biased hexaferrite structures [2] ) in order to optimize their performances.
One among the major parameters that strongly affect the performances of circulators is the dc-bias field. Some studies have shown a reduction of the Y-junction circulator transmission band induced by the nonuniformity of the dc-bias field created, within the ferrite slab, by permanent magnet [3] . In practice, this nonuniformity is quite frequent because the shape of the ferrite sample is rarely an ellipsoid [4] , [5] , and the size of the polarization circuit has to be strongly reduced for miniaturization purpose. polarize the device with only one magnet. However, compared to the stripline structure this topology enhances the nonuniformity of the magnetic dc-bias field, but at the expense of device performances.
How et al. have observed theoretically and experimentally the apparition of a cutoff zone in the device bandwidth [3] . Together, these considerations highlight the need for thorough investigations targeted to the modeling of microstrip Y-junction circulator. Indeed, it is paramount in such studies to take into account, at the same time, the field nonuniformity, the unsaturated state of certain regions of the ferrite puck, and the access lines on dielectric or ferrite substrate.
To evidence how the dc-bias field affects the device response, we fabricated an X-band microstrip circulator. The scattering parameters (S-parameters) obtained from simulations enabled us to determine which of HFSS and our theoretical approach provides the response closer to the one experimentally produced by our in-lab-made circulator.
II. THEORY
The operation of Y-junction circulator was first described by Bosma (1962) , whose analysis rested on several assumptions. At first, he assumed a uniform internal field for the circulator constitutive ferrite, which is not the case in practice. Some demagnetizing fields appear at the periphery of the ferrite slab since the puck is not an ellipsoid. Moreover, the dc-bias field created by the magnet is also nonuniform. The magnitude of the dc-bias field is, thus, insufficient for medium saturation in certain regions of the ferrite puck. Bosma made a second assumption about the saturation of the magnetic matter. He used the Polder formulations to compute the permeability tensor appearing in the Maxwell equations. As previously mentioned, the nonuniformity of the internal field in the ferrite prevents some regions from being saturated. Other formulations of the permeability tensor are necessary to accurately predict the dynamic response of the ferrite medium.
Thus, a thorough calculation of the device S-parameters requires the modification of conventional EMA. It led us to include, in our EMA, a spatial variation of the dc-bias field and a suitable effective permeability tensor. The latter takes into account the real magnetized state of the different regions of the ferrite sample [6] . To consider the variation of the internal field, the ferrite junction is divided into several annuli [7] . Each of 0018-9464/$25.00 © 2007 IEEE them can be characterized by its own uniform local internal field, computed from a magnetostatic analysis (Maxwell 3-D), as well as its own local permeability tensor obtained from the model described in [6] .
The solution of the Maxwell equations gives the EM field for each annulus. The field in the inner disk constitutes the general solution given by Bosma. The application of boundary conditions at each interface enabled us to get the expression of the EM field at the periphery of the ferrite disc and to calculate the S-parameters. We wrote a computer code to calculate the S-parameters of the circulator for a uniformly or nonuniformly biased structure. To validate our theoretical tool, we compared our results of calculation with those of earlier calculations by others [3] . It showed a good agreement between our approach and those reported in the literature for either a uniform or a nonuniform field distribution [8] . Our EMA highlighted a cutoff band due to a bias field nonuniformity, eventually responsible for a total degradation of the device response.
As previously mentioned, the microstrip technology offers interesting prospects compared to the stripline structure. However, the microstrip approach implies a stronger nonuniformity of the dc-bias field. In order to study more accurately the effect of field nonuniformity upon the device response, we fabricated an X-band-operating microstrip circulator.
III. RESULTS
The fabricated device under study is of a large size, and the properties of the ferrite are not optimal. It is worth underlining that our goal was not the realization of an optimal structure in terms of performances or size; it was rather to evidence and gain insight into the problems liable to occur in this structure in order to further predict them through an EMA more predictive than those available in the literature or implemented in commercial simulators.
The 508-m-thick ferrite slab used to fabricate the circulator is a yttrium iron garnet (YIG: G, Oe, ). Its other dimensions are 25.4 mm 25.4 mm. The circulator ground plane, conductive strips and junction are obtained by depositing a 4-m-thick layer of gold. The junction radius is 2 mm. The access lines (length 1.95 mm, width 1 mm) are deposited on the ferrite substrate and connected to a 50-line.
The dc-bias field is only applied to the junction normal to the ferrite slab. It is provided either by a samarium-cobalt (Sm-Co) magnet or two Sm-Co magnets (above and below the junction). The radius of each magnet is 2 mm. We used several configurations of magnets to highlight the influence of the dc-bias field nonuniformity on the device response; it showed us that the dc-bias field is more uniform and more unidirectional when the junction is polarized by two magnets. However, even with a two-magnet configuration, the nonuniformity of the internal field still exists. On the other hand, using only one magnet would be more appropriate for miniaturization purpose. However, in this case, the field intensity is low with directional changes, in particular, on the magnet edges. Moreover, this configuration enhances the field nonuniformity in the junction. These different configurations allow one to consider various spatial variations of the internal field in the junction region. The applied field mea- sured in the junction center was about 3000 Oe in each configuration. To obtain the same strength at the center, the magnets were offset from the ferrite slab with foam slabs of different thicknesses.
A magnetostatic analysis (Maxwell 3-D) gave us the spatial variation of the applied field and, thus, the spatial variation of the internal field in the ferrite junction. The latter was further introduced in our EMA and in the HFSS software to get a realistic response of the device. Fig. 1 presents the S-parameters obtained from each analysis. Our approach evidences a cutoff zone in the device response at 8.5 GHz and below, which is unseen in the HFSS simulation curve.
How et al. attributed these singularities to the dc-bias field nonuniformity [3] . To locate the cutoff bands in the circulator response, the propagation constant in saturated ferrite, , has to be thoroughly studied. By using the Polder formulation, can be expressed as a function of the nonuniform internal field, , the saturation magnetization, , and frequency,
where is the gyromagnetic ratio ( MHz/Oe), and is the radius in the junction.
By setting the numerator and denominator of this expression to 0, How et al. found two frequencies characteristic because of the lack of propagation.
(2)
As the internal field strength found in (2) is not unique in the ferrite junction, and likely correspond to two cutoff bands and . Our theoretical approach predicted two cutoff bands in the circulator response (Fig. 1) . Their values are in good agreement with (2) when the dc-bias field strength variation given by Maxwell 3-D is kept for the calculation of and . It is worth noting that the simulated S-parameters obtained from our EMA are modified whenever different ferrite thicknesses are considered. However, the peaks appearing in the device response are located at the same frequencies. Indeed, the singular frequencies are connected to the junction internal field magnitudes and to the sample saturation magnetization. So, in our study, the ferrite thickness does not influence the localization of the peaks. Now, let us compare the two theoretical responses (Fig. 1) to the experimental one. The S-parameters of the fabricated device were measured with an Agilent E8364A vector network analyzer. Fig. 2 shows the experimental response obtained for our microstrip Y-junction circulator biased by two different magnet configurations.
One should note that the center frequency, GHz, given by HFSS (Fig. 1) is higher than the one measured with the two-magnet configuration ( GHz) (Fig. 2) , which is nearly the value, GHz, predicted by our approach, (Fig. 1) . Despite the introduction in HFSS software of a strong variation of dc-bias field strength, the peaks observed in the experimental response of the one-magnet-biased device do not appear in the simulator-produced S-parameters [ Fig. 2(a) ]. As expected, the circulator response is worsened when the junction is polarized by a single magnet [ Fig. 2(a) ]. However, the frequencies of the observed peaks disagree with the theoretical one given by (2) (the signal is degraded below 6.2 GHz). Indeed, the dc-bias field strength at the center of the junction is about 3000 Oe/ (Fig. 2) ; one should also note a cutoff band in signal transmission at about 8.5 GHz and below this value (2). The signal is worsened at a frequency lower than the expected one, i.e., 6.2 GHz [ Fig. 2(a) ], which corresponds to a dc-bias field strength of 2214 Oe; this made us wonder whether the field magnitudes at the center of the junction are responsible for device response degradation.
Our tool considers the substrate of the access line as isotropic, which is not the case in practice since a field-induced anisotropy due to the dc-fringing field appears in the ferrite substrate in the vicinity of access lines.
To explain the cutoff band observed below 6.2 GHz [ Fig. 2(a) ], we thoroughly studied the internal field of the ferrite junction edges and access lines. Indeed, a low field goes along with a worsened response. The change in wave/matter interaction induces an excitation of magnetostatic waves. Depending on the direction of polarization of the internal magnetic field different types of magnetostatic waves can propagate. In our opinion, the singularities observed in the circulator response are induced by the propagation of magnetostatic volume or surface waves along the access lines. Thus, conducting a rigorous study of changes in the internal magnetic field at the origin of bias in the ferrite along the access line is a prerequisite to wave localization.
IV. CONCLUSION
This study pointed out the need of predictive theoretical tools for an accurate determination of the microstrip Y-junction circulator performances. Indeed, the experimental response of our device showed a cutoff band, which was missing in the transmission signal obtained from HFSS software; but this cutoff band was predicted by our approach to lie within a higher frequency band.
It is essential to concomitantly consider the nonuniformity of fields, the unsaturated state in certain regions of the ferrite junction, the access lines on dielectric substrate or ferrite. This will drive us to modify our EMA in order to consider the case of access lines on anisotropic ferrite substrate liable to be magnetized in a direction different from the junction one. Circulators with access lines on dielectric substrate will be made to determine whether the frequency cutoff band appears or not.
